Introduction
Global Navigation Satellite System (GNSS) positioning technology, as an innovative monitoring method for the dynamic response of engineering structures, has many attractive advantages over other traditional monitoring methods. These advantages include provision of real-time 3D absolute displacements of engineering structures, continuously autonomous operation under all weather conditions, data acquisition with no need for line-of-sight between different stations [1] . GNSS technology can overcome some shortcomings of the accelerometer method, which has difficulties to continuous monitoring of engineering structures, and to monitor slow structural vibration with a frequency of less than 0.2 Hz [2] [3] [4] . Other techniques for structural health monitoring, such as terrestrial positioning systems, laser displacement sensors, and photo/video imaging methods, have received attentions, but still have limitations such as weather dependency and short monitoring distance (in the order of a few hundreds of meters) [5, 6] .
Currently technology based on GNSS systems, which include GPS, GLONASS, Galileo (under construction) and BeiDou Navigation Satellite System (BDS, under construction) [7] , has been successfully applied to the dynamic monitoring of tall buildings and long-span bridges, due to its overall significantly improved performance and high data sampling rate. The pioneer studies on GNSSbased structural health monitoring started in mid 1990s. Lovse et al. [8] reported a specific application of using GNSS receivers to monitor the dynamic displacements of the Calgary Tower in Alberta, Canada, which successful monitor the dynamic displacements of around 16 mm with the fundamental frequency of 0.36 Hz on the tower. Ashkenazi and Roberts et al. [9] illustrated the experiments of using kinematic GNSS technique to monitor the dynamic response of the Humber Bridge in United Kingdom. They demonstrated that the GNSS technology can be used to determine the deformation characteristics of the bridges in real-time. (Breuer et al. [10] ; Ge et al. [11] ; Xu et al. [12] ; Tamura et al. [13] ; Kijewski-Correa et al. [14] ; Yigit et al. [15] ; Watson et al. [16] ; Roberts et al. [17] ; Meng [18] ; Li et al. [19] ; Yi et al. [20] ; Moschas and Stiros [21] ). Meanwhile, experiments had been conducted to assess the performance of the GNSS technology. For instance, Meng et al. [18] had conducted a series of zero baseline and short baseline experiments to evaluate the performance of the GNSS receivers, in which the characteristics of the GNSS measurements noise were analyzed. Nickitopoulou et al. [22] summarized a series of experiments made on a rotating prototype device to define that the GNSS technique can monitor the displacements smaller than 15 mm, at a 1.5% outlier level. For the first time, Yi et al. [23] assessed the performance of high-rate GNSS receivers through the simulated and the full-scale experiments, and illustrated that receivers at a sampling rate of 50 Hz or 100 Hz, could identify the high structural vibration frequencies of up to 10 Hz. Other researches for assessing the performance of the GNSS technology had been performed by Kijewski-Correa et al. [5] , Roberts et al. [24] , Chan et al. [25] , Moschas and Stiros [26, 27] , etc. In conclusion, the researches demonstrated that the GNSS techniques can trace the dynamic displacements of tall buildings and long-span bridges with satisfactory results (for summary reviews see [6, 28, 29] ).
GNSS monitoring has inherent erroneous sources. Some errors (ionospheric and tropospheric delays, and orbital errors) can be mitigated greatly with double-differencing over short baselines (e.g., shorter than 10 km). Some other errors, such as multipath error and random noise, cannot be removed in the differencing method [30] . Several data processing techniques could be performed to mitigate these residual errors, such as an adaptive filtering (AF) technique [31] [32] [33] , a technique combining Empirical Mode Decomposition (EMD) and AF [34] , an improved particle-filtering algorithm [35] , a supervised learning technique [36] , and a wavelet based multi-step filtering method [37] . In summary, most of the current filtering techniques can identify centimeter level displacements with a millimeter level accuracy. However, GNSS positioning technology has difficulties in monitoring the dynamic displacements of small or medium span bridges with high accuracy, although there are some cases of monitoring these types of bridges [2, 4, 21] . The main reason is that for the small or medium span bridges the vibration displacements is in the millimeter level, which is buried in the GNSS measurement errors, such as multipath effect, cycle slips, ionosphere delay, etc [38] .
To address the problems encountered when applying GNSS technology to monitoring the dynamic response of small or medium span bridges, this study proposed a multimode data acquisition approach and a multimode adaptive filtering (MAF) algorithm to identify the dynamic displacements of these bridge with GNSS sensors with sub-millimeter level accuracy. GNSS data with three processing modes, i.e. conventional Real-Time Kinematic (RTK), network RTK, and Post-Processing Kinematic (PPK) were obtained in the experiments conducted on the Wilford suspension bridge in Nottingham, United Kingdom. A Precise Time Data Logger (PTDL) and a special cage were manufactured to solve two key implementation problems, which are the time synchronization and the axis alignment between two types of sensors, respectively. The MAF algorithm, which combines the Chebyshev highpass filter with adaptive filter, was used to mitigate the GNSS measurement errors. The dynamic displacements of the bridges were identified from the multimode GNSS data using the proposed MAF algorithm. The accelerometer data was acquired with the PTDL data logger to assess the accuracy of GNSS results. The identified displacements and frequencies from GNSS technique were compared with those from the accelerometer technique, which is used as a reference solution.
This study demonstrates that the dynamic displacements of this medium-span bridge, which are in the level of a few millimeters, could be identified accurately at sub-millimeter level accuracy from the multimode GNSS data by the proposed MAF algorithm. The fundamental frequency of the bridge also can be extracted from the multimode GNSS data with the Fast Fourier Transform (FFT). Although this study is only focused on the vertical displacement, it also can also be used to analyze the horizontal deformation, since the GNSS measurements are more accurate in the horizontal directions [1] .
The Wilford suspension bridge in Nottingham
The Wilford suspension bridge is an earth-anchored suspension footbridge that is supported by two main cables over the River Trent in Nottingham, United Kingdom (Fig. 1) . It was constructed in 1904 with a single span of 69 m long and 3.7 m wide. However, this Grade Two listed bridge had to be closed to ensure the safety of the general public because of debris falling down from the bridge in 2008. It was reopened in 2010 after its owner, Severn Trent Water, reinforced the main beams and replaced the defective steel components and fixings.
The researchers of the University of Nottingham utilized the bridge as a testbed for two monitoring projects supported by the UK's Engineering and Physical Sciences Research Council (EPSRC), and the European Space Agency (ESA), respectively. They had conducted numerous in-situ monitoring experiments on this bridge in the last ten years using different sensors and approaches. For instance, a GNSS augmented with pseudolites system was employed in the dynamic monitoring of this bridge, with an improved accuracy of several millimeters [1] . A frequency peakpicking approach was developed to successfully detect the vibration frequencies of this bridge from the GNSS data [2] . A high-rate JNS100 GNSS receiver was used to monitor deflections of this bridge, but most movement on the bridge was masked by the GNSS noise [24] . A monitoring trial was conducted on this bridge using a Leica TCA2003 robotic total station, and the results indicated that the total station had many difficulties measuring structural dynamic displacements [39] . In addition, structural analysis has been performed according to the field measurements on the bridge structure, member size, as well as the material characteristics, and the fundamental frequency 1.74 Hz of the bridge is obtained by the numerical analysis [40] .
Nevertheless, due to the restoration, the dynamic parameters of the bridge structure are different from those in the past, and cannot be computed accurately using numerical analysis. Therefore, it is necessary to re-measure/identify the dynamic parameters of the bridge for the purpose of assessing the bridge performance. We conducted a series of experiments once again to measure the dynamic displacements and modal frequencies of this bridge. These latest experiments are different from the past ones conducted on the same bridge, because we synchronously considered three GNSS data acquisition modes, and employed the latest generation of GNSS receivers. All the data sets were processed with a newly developed algorithm -MAF, which will be explained in details in the following section.
Field experiments
The field experiments were conducted on the Wilford suspension bridge in Nottingham, United Kingdom in June and August 2012, throughout which the weather was fine. The aim of the experimental study was (1) to identify the dynamic displacements and modal frequencies of the bridge with GNSS sensors, in which three different GNSS data modes, i.e. conventional RTK, network RTK and PPK were considered, and (2) to verify the accuracy and effectiveness of the innovative MAF algorithm by analyzing experimental results of the GNSS and accelerometer sensors.
Instrumentation
The main instrumentation employed in the experiments includes three sets of GNSS sensors, a tri-axial accelerometer, a PTDL data logger, and a special cage. Although a Leica TS30 robotic total station is also used to monitor dynamic responses of the bridge, this content is beyond the scope of the paper.
GNSS receivers
We used three sets of GNSS sensors consisting of three dual frequency Leica GS10 receivers with the sampling rate of up to 20 Hz, a Leica AR10 antenna and a LEICAT504 choke-ring antenna. An accuracy of a few millimeters for short baseline can be obtained with these GNSS sensors, which have been successfully assessed and verified in the past experiments [5, 18, 25] . The choke-ring antennas were employed to reduce the multipath error, which is one of the main error sources for the GNSS stations (close to water, metal or other reflecting surfaces such as piers, cable and the deck of the suspension bridge) [22] . The LEICAT504 choke-ring antenna was used on the reference station, and the AR10 antenna was used on the mobile rover station (monitoring site) that offers near choking-ring level performance but with much reduced weight and size.
Triaxial accelerometer
We used a Kistler K-BEAM 8392A2 triaxial accelerometer with a sampling rate of up to 150 Hz and an acceleration range of ±2 g.
The accelerometer is ideal for the modal test of large structures because it can measure acceleration in three mutually perpendicular axes (x, y, z) with low noise and high sensitivity [2, 38] .
PTDL data logger
When the integrated GNSS and accelerometer system was used for structural dynamic monitoring to improve measurement accuracy and measureable frequency range [3, 34, 38, 41] , it has a key difficulty of time synchronization. To solve this problem, a Precise Time Data Logger PTDL (see upper-right of Fig. 2 ), which is recently developed by the researchers of the University of Nottingham, was used to record the accelerometer data in true GNSS time. It is composed of core logger chip, an external power supply, and a low-cost GNSS antenna. The core logger chip contains a storage memory and a built-in low-cost GNSS chip, which tags GNSS time onto the external data from the accelerometer. Meanwhile, the data themselves from the GNSS receivers contain precise GNSS time. therefore, the data from both sensors can be used for further study such as data comparison and data fusion based on the same GNSS time frame.
Special cage
To solve another key difficulty of axis alignment, the experiments used a special cage at the monitoring site to ensure a rigid vertical axis alignment between the GNSS receiver and the accelerometer. Fig. 1b shows that the GNSS antenna, 360°prism, a special cage and tribrach were consecutively connected, and the accelerometer was installed inside the cage. The cage had two rotatable plates on both ends, connected by three bolts. The North mark of the GNSS receiver was orientated to the north by rotating the upper plate. Meanwhile, one axis of the accelerometer was aligned with the longitudinal axis of the bridge by rotating the lower plate. When the tribrach is leveled, the GNSS antennas, the prism, the accelerometer, and the tribrach are in the same vertical axis.
Multimode data acquisition
In past ten years, the application of GNSS positioning technology in monitoring the dynamic responses of bridges mainly focus on using the conventional RTK and PPK methods [4, 17, 22, 23] . The network RTK method was firstly proposed to enhance the RTK performance for structural health monitoring in 2006 [3] . It was initially employed in monitoring dynamic response of a bridge by authors in 2011 [42] . As a further study, we designed a data acquisition approach to obtain multimode GNSS data in three modes, i.e. RTK, network RTK and PPK. As shown in Fig. 2 , in order to obtain GNSS data to implement multimode processing, two GNSS rover receivers (No. 1 and No. 2) were connected to the same antenna via a signal splitter. While the No. 1 receiver acquired data (S a ) using conventional RTK mode, the No. 2 GNSS receiver acquired synchronous data (S m ) using network RTK mode. These two rover receivers also recorded the GNSS raw observations into the embedded memory cards, which were post-processed in kinematic mode (so-called PPK) with the professional software -Leica Geo-Office (LGO) to resolve the displacement data (S b , S n ).
Experimental procedure
The GNSS positioning technology with three data processing modes (RTK, network RTK and PPK) was apply to monitoring dynamic displacements and modal frequencies of the Wilford bridge in 2012. The GNSS receivers with network RTK mode receives correction differences from the continuously operating reference stations (CORS) whilst a conventional RTK uses correction data from a local reference station. The CORS services have been provided in United Kingdom since 2006, whilst many countries have provided similar services [43] . The No. 11 station of the UK's CORS, which locates in Keyworth, Nottinghamshire, is the closest reference station to the monitoring site about 7.4 km away. Hence, it is utilized as the master reference station, and the others nearby as auxiliary reference stations for producing network RTK solutions. The CORS network transmitted the real-time corrections with an interval of 1 s for the network RTK solution.
The local reference station was also set up on a stable location close to the bridge, where No. 3 GNSS receiver and the LEICAT504 antenna were installed (Fig. 1c) . This reference receiver transmitted real-time corrections with an interval of 1 s for the conventional RTK solution, and recorded the raw observations with a sampling rate of 20 Hz. The monitoring site was set at the downstream (south) side of the mid-span of the bridge, where an AR10 GNSS antenna and an accelerometer were fixed on the bridge handrail (Fig. 1b) . Two GS10 GNSS rover receivers (No. 1 and No. 2) were connected to the same antenna via a signal splitter. Four sets of GNSS data were obtained from the GNSS measurements, i.e. RTK data (S a ), network RTK data (S m ) and PPK data (S b , S n ) as shown in Fig. 3 . The PPK data of S b and S n are not the same because the random noise (instrument self-noise) between them are different. A pair data selected from these multimode data (S a , S b , S m , S n ), as shown in Table 1 , will be used as the input data and the desired data, respectively, to implement multimode adaptive filtering. It is noted that the corrections are transmitted from the local reference station or the CORS network only at the updating rate 1 Hz. The reason is that the GNSS hardware can not transmit the corrections at a very high frequency. Fortunately, the updating rate 1 Hz is enough for the RTK solution at the sampling rate 20 Hz because the change of corrections is relatively slow. All GNSS sensors received GPS and GLONASS satellite signals in 4th case, whereas they received only GPS satellite signals in other cases (Table 2) , with an elevation cut-off angle 15°. The professional software -Leica Geo-Office (LGO) for window version 7.0 was employed in resolving the baseline in kinematic mode (So-called PPK). The limitation of Geometric Dilution of Precision (GDOP) was set as 15. The Hopfield tropospheric model, the Computed ionospheric model and the precise ephemeris data were used for the PPK solution. The precise ephemeris data were freely downloaded from the website (http://garner.ucsd.edu/pub/products/1780/).
Besides, the tri-axial accelerometer was installed on a special cage (Fig. 1b) , whose z-axis was aligned with the vertical axis of the GNSS antenna, and x-axis was parallel to the bridge longitude axis. Accelerations (S acc ) were recorded and synchronized with GNSS measurements using the PTDL (Fig. 3e ). With this above configuration four sets of vibration data with the sampling-rate of 20 Hz were synchronously produced by the GNSS receivers and the fifth data with 100 Hz by accelerometer. The configuration used for this data acquisition procedure is summarized in Table 1 .
Five case studies with different force conditions were conducted in the field experiments ( Table 2 ). The forced vibrations of the bridge were excited by a group of three people with a total weight 180 kg at its mid-span. These people synchronously or asynchronously jumped around 10 s each time with an interval of 3 min. Ambient random vibrations of the bridge were measured, which may be caused by the wind and occasional pedestrian loads. During field experiments, pedestrians and bicyclists traveled across the footbridge occasionally, and the environmental temperature changed in the range of 20.4°-21.0°with gentle southwest wind. We selected and analyzed the GNSS and accelerometers data covering approximately 70 min in case 1, in which three people synchronously jumped on the bridge. However, in order to focus on the details, we only presented 680 s data in the following section, which were synchronously acquired from 10:15:40 am to 10:27:00 am on 3rd August 2012.
Multimode adaptive filter -MAF
Most of the current filtering techniques can identify centimeter level displacement with a millimeter level accuracy. However, it is difficult to detect the dynamic displacements in millimeter level from the background noise in the GNSS measurements. For the purpose of identifying millimeter level amplitude vibration of the small or medium span bridges, we developed an innovative MAF algorithm to distinguish the actual vibration information (V(n)) from the background noise (Fig. 4) . This GNSS measurement noise consists of the multipath error (M(n)) which is mainly distributed in a relatively low frequency range of less than 0.2 Hz [20] , and the random noise (N(n)) which is distributed in a broad frequency range with the characteristics of both the white and colored noise. These characteristics of the background noise in GNSS measurements had been illustrated by many researchers [5, 23, 44] .
The MAF algorithm combined a Chebyshev highpass filter with an adaptive filter to mitigate the main GNSS measurement errors, and to identify the dynamic displacements from a pair of GNSS data. The principle of the adaptive filter have been illustrated in detail by Ge et al. [45] and Haykin [46] . A pair of GNSS data (S a , S b ) as shown in Fig. 5a and b, which contained the information of the dynamic response of the experimental bridge at the same site under the same time, was selected from the aforementioned multimode data (S a , S b , S m , S n ) to demonstrate the filtering procedure. Ignoring the secondary noise in GNSS measurements, such as the residual of orbital errors that was mitigated greatly with double-differencing over short baselines [30] , the pair of data can be expressed as
where n is the length of the time series of the vibration data; M a (n) and M b (n), corresponding to the GNSS data of S a and S b , respectively, are relatively low frequency component, which is mainly consist of the multipath error; V a (n) and V b (n) are the actual dynamic displacements of the bridge; N a (n) and N b (n) are random noise (white and colored noise [44] ). The filtering procedure includes two steps (Fig. 4) . At the first step the relatively low frequency components of M a (n) and M b (n), mainly caused by the multipath effect, were eliminated by the designed Chebyshev highpass filter. At the second step, taking advantage the strong correlation of the pair of GNSS data, the random noise N a (n) was greatly mitigated and the actual vibration information V a (n) could be extracted by the adaptive filter. First, to eliminate the low frequency components (M a (n), M b (n)), we applied a Chebyshev highpass filter to eliminate the low frequency components (M a (n), M b (n)) with a frequency range of less than 0.2 Hz [20] , which is similar to the previous Chebyshev filter discussed in Ref. [2] , whose passband cut-off frequency is chosen on the basis of the structural analysis. Here, we chose an 8-ordered Chebyshev highpass filter with passband frequency of 1.0 Hz, because the fundamental frequency of the Wilford bridge is around 1.74 Hz from the previous structural analysis [40] . The Chebyshev filtered results (x(n), d(n)), as shown in Fig. 5c and d, mainly consist of actual dynamic displacements (V a (n), V b (n)) and random noise (N a (n), N b (n)) after the elimination of the low frequency components (M a (n), M b (n)), which can be expressed as following the above procedures, we applied the Least Mean Square (LMS) adaptive filter to greatly mitigate random noise N a (n) and identify the actual vibration of the bridge V a (n). Two time series, i.e. desired data d(n) and input data x(n), are needed to implement adaptive filtering, which are sometimes called the primary input and reference input, respectively. The primary input includes the desired signal plus undesired interference (random noise), whereas the reference input includes the signals that are correlated to some of the desired signal. The input data x(n) and the desired data d(n) contain the actual structural vibration components (V a (n), V b (n)) as shown in Eqs. (3) and (4), respectively. These actual vibration components (V a (n), V b (n)), corresponding the multimode data (S a , S b ) as shown in Eqs. (1) and (2), are identical because they are obtained from the structural vibration occurred at the same site under same instant. The random noise of M a (n) and M b (n) do not correlate. Then, we utilized the cross-correlation between the input data x(n) and the desired data d(n), which were the above Chebyshev filtered results, to distinguish the actual vibration information V a (n) from the random noise N a (n). The relationship between V a (n) and V b (n) can be expressed as
The output data y(n) of the adaptive filtering, as shown in Fig. 5f , is the identified actual dynamic displacements V a (n). It can be obtained from the equation as [45] .
where M is the length of the LMS adaptive filter and w _ i ðnÞ denotes the variable parameters, which are the weighting factors in the LMS adaptive algorithm. The input data x(n) consists of periodical structural vibration component V a (n), and the random noise N a (n). Thus, the summation of all M -1 segments results the actual structural vibration component V a (n), due to random noise towards to zero, then Using the proposed MAF algorithm, the actual dynamic displacements of the bridge can be accurately identified from the two synchronously acquired multimode GNSS data, both of which are contaminated by the GNSS measurement noise.
Data processing and results

Overall procedure
The flowchart in Fig. 6 summarizes the overall procedure to identify dynamic displacements and modal frequencies of the bridge using the multimode GNSS data and the MAF algorithm. First, we preliminarily processed the GNSS and accelerometer data (Table 1) , such as coordinate system transformation, outlier clearance, and missing data recovering.
Second, under considering three filtering schemes (A, B and C) with different input data, three sets of dynamic displacements (A 1 , B 1 , C 1 ) were identified from the combinations of multimode GNSS data by the innovative MAF algorithm. The dynamic displacements were obtained from the double integration of the accelerations to validate the GNSS results. These three filtering schemes (A, B and C) chose three pairs of GNSS data (S a and S b , S a and S n , S m and S a ), respectively. The two time series in each pair are regarded as input and desired data (Table 3 ). Three set of dynamic displacements (A 1 , B 1 , C 1 ) were identified from these three pairs of data by the MAF algorithm, respectively (Fig. 7) .
Third, three structural vibration frequencies (A 2 , B 2 , C 2 ), corresponding to the results of three filtering schemes, were extracted from the three time series of dynamic displacements (A 1 , B 1 , C 1 ) by the FFT, respectively (Fig. 7) . These extracted vibration frequencies were validated by the vibration frequencies that extracted from the accelerometer data.
Fourth, the time series of accelerations was computed from the time series of GNSS dynamic displacements (A 1 ) by double differentiation, and its modal frequencies were also extracted by the FFT. These two results were validated by the corresponding accelerometer results.
Fifth, the dynamic displacements were obtained from GNSS data by Ensemble Empirical Mode Decomposition (EEMD), and also by the MAF separately. We calculated the residuals of accelerometer-derived displacements minus the EEMD-filtered displacements, and minus the MAF-filtered displacements separately. The standard deviations and the mean deviations of these residuals were calculated to assess the accuracy and effectiveness of the MAF.
Preliminary processing
Five sets of original data of the dynamic response of the bridge were acquired at the same time, which included original GNSSderived displacements and accelerometer-derived accelerations (Fig. 3) . To begin with, the original GNSS data in the geodetic coordinate system, i.e. ETRS89 (WGS84) in UK were transformed into the OSGB36 National Grid coordinate system using the software Grid InQuest for the window version 6.5 developed by Ordnance Survey Great Britain. The types of the input and output data were set as geodetic coordinate, and UK & Ireland coordinate in OSGB36 zone respectively during coordinate translation. The software Fig. 6 . Flowchart of the procedure to process the GNSS and accelerometer data.
employed Transverse Mercator (TM) projection to convert ellipsoidal coordinates to plane coordinates. Then, using the rotation matrix (see Ref. [38] ), the plane GNSS coordinates were projected onto the bridge coordinate system which has been used in the accelerometer measurements. In the bridge coordinate system, the x-axis and the y-axis were aligned with the longitude and the lateral of the bridge, respectively. Furthermore, the outliers were cleaned using the criterion of 3-sigma threshold [47] , which were very few in our experimental data. Finally, because of a few of data being lost, we worked out the constant data with standard interval of 0.05 s in GNSS time series, and of 0.01 s in accelerometer time series using the linear interpolation code developed by authors. The authors developed all codes for data processing in this study with the software MATLAB (MathWorks, Natick, MA, USA) for windows version 7.0.
Identification of dynamic displacements with the MAF
The original GNSS data provide no evidence of any dynamic displacements due to errors caused by the multipath and random noise as shown in Fig. 3 . To eliminate these errors in the GNSS measurements, we employed the MAF algorithm to filter the GNSS data, and designed three filtering schemes (A, B and C) with different the input data and the desired data to identify the structural dynamic displacements, respectively (Table 3) . For instance, the RTK and PPK data (S a , S b ) were employed as input and desired data in scheme A, respectively (Fig. 5a and b) . To begin with, these data (S a , S b ) were filtered with the MAF, respectively, to obtain the first filtering results (x(n), d(n)) as shown in Fig. 5c and d . Then, the results were employed as input and desired data of the LMS adaptive filtering to the obtain actual structural dynamic displacements (y(n)) and estimation errors (e(n)) as shown in Fig. 5f and e. As shown in Fig. 8 , three filtering schemes (A, B and C) successfully identified the dynamic displacements of the bridge with the amplitude better than 8 mm using the multimode GNSS data. Meanwhile, The dynamic displacements were also obtained from double integration of the accelerometer-measured accelerations [48] . The drift errors were serious during the integration because of the unknown initial velocities and displacements [49] . A highpass filter with a passband frequency 1.0 Hz was employed to eliminate the drift errors. The dynamic displacements were computed from the accelerometermeasured accelerations but without semi-static component.
Both the GNSS-derived and accelerometer-derived displacements are very similar and reliable, whereas the amplitudes of the GNSS-derived displacements are larger than that of the accelerometer-derived displacements due to the residual random noise contamination of the data from the GNSS receiver. Zooming in all these subfigures in time windows of 150-200 s, it is noted that the differences of the time series of displacements between these two sensors are very small, particularly for the parts of forced vibrations (Fig. 8) .
To validate the accuracy of the identified displacements, we compared the GNSS displacements extracted from these three schemes (i.e. A, B and C) with the accelerometer-derived displacements, respectively, and calculated the differences of each. The standard deviation and mean deviation values of these residuals were attained (see Table 4 ) corresponding to the displacements in Fig. 8 . The maximum standard deviation value is ±0.8 mm while the maximum mean deviation value is 0.7 mm. In brief, all of them are less than 1 mm. The results indicates that the dynamic displacements extracted from GNSS measurements by these three filtering schemes agree well with that from accelerometer measurements, and also agree with themselves.
Extraction of modal frequencies
Each of the displacements derived from the GNSS and accelerometer measurements consists of two parts (Fig. 8) . Part I in each subfigure is mainly the ambient random vibration of the bridge structure excited by wind loading and occasional pedestrian. Part Symbol x(n) denotes input data; symbol d(n) denotes desired data. Fig. 7 . Processing GNSS data by three filtering schemes. II is mainly the forced vibration excited by the jumping of three students with an overall weight of 180 kg. The FFT was used to perform the spectral analyses since it has many successful applications in past studies. The analyzed spectrum is selected in the range of 0-5 Hz since the vibration frequencies of the bridges are mainly in the window of 0.1-5 Hz [2] . In the part I of the ambient random vibration (Fig. 10) , the modal frequency of 1.680 Hz detected from the GNSS-derived displacements is identical to that from the accelerometer-derived displacements, although the peak values of the spectral magnitudes of the GNSS displacements are slightly smaller than those of the accelerometer-derived displacements. Generally, the GNSS spectral magnitudes of the whole frequency band except the peaks are larger than the accelerometer spectral magnitudes due to the more significant residuals of the random noise in the GNSS measurements than those in the accelerometer measurements.
In the part II of the forced vibration (Fig. 10) , the same modal frequency of 1.690 Hz was detected by both two types of sensors.
The peak values of spectral magnitudes of the GNSS-derived displacements were similar to those of accelerometer-derived displacements, whilst there exist differences in their non-peak values. Comparing the spectral magnitudes of GNSS-derived displacements in part I with those in part II, it can be found that the spectral magnitude of the peak in part II is evidently larger than that in part I because of its powerfully excited.
Derivation of the accelerations from GNSS measurements
Another method to validate the accuracy of the GNSS-derived displacements is the comparison of the time series of accelerations computed from GNSS data with those from the accelerometer data. The GNSS-derived accelerations were computed from the GNSS data of the scheme A (Fig. 8a) by double differentiation. Additionally, the accelerometer-derived accelerations with 20 Hz sampling rate were re-sampled from the accelerometer data at 100 Hz. Both time series of acceleration derived from these two sensors were substantially identical although the GNSS-derived time series was more distinguish contaminated by the random noise Fig. 9 . The enlarged MAF-filtered-GNSS displacements and the accelerometer-derived displacements in time windows of 150-200 s in Fig. 7 . The GNSS displacements were identified by the filtering scheme A, B and C, corresponding to subfigures of (a-c), respectively. Part I is ambient random vibration, and Part II is mainly forced vibration. ( Fig. 11a) . We calculated the differences between these two sets of accelerations. The standard deviation and mean deviation values of these differences are 0.03 m/s 2 and 0.04 m/s 2 , respectively, which are good enough for monitoring purpose. The modal frequencies identified respectively from both acceleration time series by FFT method were substantially identical with the same fundamental frequency of 1.690 Hz (Fig. 11a) .
Comparison of filtering results of the MAF and the EEMD
Ensemble Empirical Mode Decomposition (EEMD) improving from the original EMD is an adaptive time-frequency data analysis method, which can accurately distinguish the signal from white noise-added data [34, 50] . To compare with the MAF, we employed the EEMD method to identify the structural dynamic displacements from GNSS data. The software package of the EEMD has been developed by Flandrin's group (http://perso.ens-lyon.fr/patrick.flandrin/emd.html). Also, the similar software and its instructions can freely be downloaded from its website (http:// rcada.ncu.edu.tw/research1.htm). The time series of structural vibration displacements corresponding to the four sets of GNSS multimode data (S a , S b , S m , S n ) were obtained, respectively (Fig. 12) .
We calculated the residuals of the time series of EEMD-filtered displacements minus those of accelerometer-derived displacements. The standard deviation and mean deviation values of these residuals were attained ( Table 5 ). The standard deviation values vary in the range between 1.9 mm and 3.2 mm, and the mean deviation values change in the range between 1.6 mm and 2.5 mm. Furthermore, these values between in part I and II have insignificant difference, similar to among the multimode data (S a , S b , S m , S n ).
Comparing the filtering results between the MAF and the EEMD (Figs. 9 and 12) , it is noted that the MAF-filtered results are very similar to the accelerometer-derived results while the EEMD-filtered results are obviously different from the accelerometer-derived results. Furthermore, all of the standard deviation and mean deviation values of the MAF-filtered results are less than 1 mm while those of EEMD-filtering results are larger than 1.6 mm. It seems that The MAF is more accurate and effectiveness than the EEMD.
Discussion and conclusion
A series of monitoring experiments were conducted on the Wilford suspension bridge in Nottingham, United Kingdom with GNSS and accelerometer sensors, in which three GNSS data acquisition modes, i.e. conventional RTK, network RTK and PPK were synchronously considered. An innovative MAF algorithm was developed to mitigate noise and identify the dynamic displacements of the bridge from the multimode GNSS data. At a sub-millimeter level accuracy the dynamic displacements of the bridge with the amplitude less than 8 mm were accurately identified, in close agreement with the accelerometer results. The fundamental frequency 1.690 Hz of the bridge was detected from response measurements of forced vibrations, and validated by the accelerometer results. The latest identified frequency of 1.690 Hz is slightly lower than estimated frequency 1.740 Hz by structural analysis, but the difference between these two frequencies is less than 3%, and satisfied the limitation of less than 5%. It seems that the restoration of the bridge results in the change of the fundamental frequency.
The main contribution of this study is that it is statistically validated that the GNSS positioning technology can identify the dynamic displacement at a sub-millimeter level accuracy in the case of the application of the proposed MAF algorithm. The GNSS data of three processing modes, i.e. conventional RTK, network RTK and PPK, combined in pairs can be used for structural dynamic monitoring. Taking the criterion of 3-sigma (99.7% confidence interval) as the minimum value of the detectable vibration response, GNSS positioning technology is capable of detecting the structural dynamic displacements of better than 3 mm with the MAF algorithm.
In addition, the fundamental frequency of the bridge was identified from the GNSS data, matching well with that extracted from the accelerometer dada. It seems that the GNSS positioning technology can easily and precisely detects the modal frequencies of less than 2 Hz using GNSS receivers at the sampling rate 20 Hz although the high-frequencies results (up to 4 Hz [51] , even 10 Hz [23] ) have achieved.
Finally, the MAF-filtered displacements are more close to the accelerometer results than the EEMD-filtered displacements. It indicates that the MAF algorithm is better than the EEMD algorithm, which has been proved versatile in many applications for extracting signals from the contaminated data [50, 52] . Besides, the EEMD-filtered displacements from the network RTK GNSS data (see Fig. 12c ) appears that the network RTK method can also identify the structural vibrations with relatively large noise, as well as the conventional RTK and the PPK methods.
The GNSS would therefore be a promising tool of structural health monitoring with its sampling rate and the overall performance improving significantly, complementary to accelerometers. It can be used for not only the dynamic monitoring of long-span bridges with the low vibration frequency and the large vibration amplitude, but also for the dynamic monitoring of the small and medium span bridges with the high vibration frequency and the small vibration amplitude in the case of the application of the MAF algorithm.
The following acronyms and symbols are used in this paper: 
